Background and objectives Outcomes-based research rarely focuses on patients with ESRD caused by GN. The hypotheses were that the GN subtype would clinically discriminate patient groups and independently associate with survival after ESRD therapy initiation.
Introduction
GN is the third most common cause of ESRD in patients initiating dialysis or receiving a kidney transplant in the United States. In the most recent Annual Data Report of the US Renal Data System (USRDS), GN accounted for 6.3% of patients initiating ESRD therapy in 2011, trailing only diabetes (43.9%) and hypertension (27.8%), and patients with GN comprised 14.3% of the prevalent treated ESRD population (1) . Treatment of patients with ESRD caused by GN incurs an estimated annual cost to Medicare alone of almost $3 billion (1) . Mortality in GN increases dramatically after the onset of ESRD (2) (3) (4) (5) ; however, the relative contributions from generic ESRD-related factors and from the underlying cause of GN to this finding have not formally been evaluated.
The USRDS adopts GN as one of four major causeof-ESRD stratification variables in published reports, along with diabetes, hypertension, and cystic kidney disease. However, when juxtaposing the characteristics and outcomes of patients with GN to those with other causes of ESRD, it is important to consider that GN is not a single disease entity but rather a broad disease category comprised of histologically and clinically distinct GN subtypes. Alongside differing renal manifestations, heterogeneity across GN subtypes with respect to systemic comorbidities and mortality has been identified in non-ESRD populations (6, 7) . Whether these phenotypic and prognostic distinctions diverge or converge after ESRD development remains largely unknown.
We conducted this study to examine differences among GN subtypes with respect to demographic and clinical attributes at presentation to ESRD and prognosis after initiation of ESRD therapy. We posit that exploring any such differences would serve to elucidate and quantify long-term disease-specific risks, explain post-ESRD survival discrepancies between GN and non-GN patient groups, and facilitate the development of a more individualized and equitable patient care approach.
Materials and Methods

Study Population and Data Sources
All adult patients aged $18 years who initiated ESRD therapy with hemodialysis, peritoneal dialysis, or kidney transplantation between January 1, 1996, and December 31, 2011, were retrospectively identified from the USRDS, a national registry of almost all patients with treated ESRD. Patients with ESRD attributed to one of six common GN subtypes-FSGS, IgA nephropathy (IgAN), membranous nephropathy (MN), membranoproliferative GN (MPGN), lupus nephritis (LN), and vasculitis-were selected as the principal study cohort. These patients were identified using cause of ESRD diagnostic codes (Supplemental Appendix) obtained from Medical Evidence Reports (form CMS-2728). These reports are submitted by attending nephrologists to the Centers for Medicare and Medicaid Services within 45 days of a patient commencing ESRD therapy. Patients with ESRD attributed to diabetes (DN) and autosomal dominant polycystic kidney disease (ADPKD) were selected as non-GN comparator groups. Missing or uncertain cause of ESRD or a defined cause other than the eight of interest were the sole study exclusion criteria.
Patient Characteristics
Baseline sociodemographic and clinical data were extracted from USRDS Patient and Medical Evidence files. Age, sex, race (white, black, Asian, or other), Hispanic ethnicity (yes/no), Medicaid insurance (yes/no), and geographic region (Northeast, Midwest, South, or West) were selected as sociodemographic variables. Initial ESRD therapy modalities were defined as hemodialysis, peritoneal dialysis, or kidney transplantation, using USRDS-defined codes (Supplemental Appendix). Date of first kidney transplantation was also obtained for patients initiating ESRD therapy with dialysis. Baseline comorbidities (reported in Medical Evidence Reports to be present currently or within the last 10 years) included DN, heart failure, coronary heart disease, cerebrovascular disease, hypertension, chronic obstructive pulmonary disease, current smoking, cancer, peripheral vascular disease, and nonambulant status (unable to ambulate or transfer). Laboratory values (reported in Medical Evidence Reports as measured within 45 days before commencing ESRD therapy) included albumin, hemoglobin, and creatinine (used to calculate Modification of Diet in Renal Disease [MDRD] eGFR).
Outcomes
Death was our primary study outcome. Cause of death (reported on CMS-2746 Death Notification Forms), using collapsed USRDS-defined categories (Supplemental Appendix), was a secondary outcome. Date and cause of death were ascertained from USRDS Patient files. Patients were censored at the end of study (January 1, 2012).
Statistical Analyses
Cross-tabulation and distribution plots were used to examine unadjusted differences in baseline characteristics between groups. Categorical variables were summarized as frequencies and proportions, and continuous variables were summarized as medians and interquartile ranges or means6SDs, as appropriate. Differences in mortality were examined using time-to-event analysis. Cumulative survival curves were derived by the Kaplan-Meier method and compared using the log-rank test. Mortality hazard ratios (HRs) with 95% confidence intervals (95% CIs) were estimated using Cox proportional hazards regression, stratified by year of ESRD therapy initiation, with IgAN as the referent group. Model 1 was unadjusted, model 2 was adjusted for sociodemographic characteristics (age, sex, race, ethnicity, and Medicaid insurance), and model 3 included additional adjustment for baseline comorbidity and laboratory variables. To adjust for ESRD therapy modality at baseline and subsequent access to transplantation, we fitted a fourth model (model 4) that added to model 3 baseline modality as a fixed covariate and post-ESRD transplantation as a time-dependent covariate. This allowed patients who initiated ESRD therapy with dialysis but later received a transplant to obtain a second ESRD treatment record starting on the transplant date. Squared terms were included for all continuous variables (age and laboratory values). Proportionality was examined using plotted log (-log) survival curves.
Approximately 32% of patients had at least one missing variable. To handle these missing data, we assumed them to be missing at random and used standard multiple imputation techniques to impute up to 32 datasets (8) . In addition to including all model 4 covariates, the imputation model included the event indicator and the NelsonAalen estimator of the cumulative marginal hazard H(T), where T is the time to event or censoring (9) . Imputations were performed separately by year of ESRD therapy initiation and assumed a joint modeling approach (10) . Log HR from the models applied to each imputation dataset were then combined, as described by Little and Rubin (11) . As a sensitivity analysis, models were repeated using complete case analysis.
All data were analyzed using SAS version 9.4 software (SAS Institute, Cary, NC). This study was approved by an Internal Review Board of Stanford University School of Medicine.
Results
The final study population comprised 84,301 patients with ESRD attributed to six major GN subtypes: 34,330 (40.7%) with FSGS; 13,012 (15.4%) with IgAN; 7177 (8.5%) with MN; 5193 (6.2%) with MPGN; 16,463 (19.5%) with LN; and 8126 (9.6%) with vasculitis ( Figure 1 ). In addition, 36,272 patients with ADPKD and 720,001 patients with DN were studied as external non-GN comparator groups.
Sociodemographic characteristics varied across GN subtypes ( Table 1 ). The median age ranged from 39 (LN) to 66 years (vasculitis). There were approximately twice as many men as women within all primary GN subtypes, ranging from 60% men in MPGN to 68% men in IgAN. Sex was balanced in vasculitis (52% men), and women predominated in LN (18% were men). Black race was overrepresented in LN (48.6%) and FSGS (36.2%), Asian race was overrepresented in IgAN (15.4%), and white race was overrepresented in vasculitis (88.8%). Medicaid insurance was most common in LN (31.0%).
Baseline reported comorbidity and laboratory characteristics differed among GN subtypes. Congestive heart failure (8.3%), cerebrovascular disease (2.4%), and peripheral vascular disease (2.9%) were least common in IgAN, whereas DN (8.9%), atherosclerotic heart disease (6.3%), and cancer (1.6%) were least common in LN. Serum albumin was highest in IgAN (3.560.7 g/dl) and lowest in MN (2.960.9 g/dl). Hemoglobin was highest in IgAN (10.161.9 g/dl) and lowest in LN (9.461.8 g/dl).
Among non-GN comparator groups, patients with ADPKD had a relatively favorable comorbidity and laboratory profile, comparable with that in IgAN. Patients with DN had the highest comorbidity burden of all; however, hemoglobin and albumin levels were higher than in some GN subtypes.
The proportion of patients receiving a preemptive kidney transplant was substantially higher in IgAN (11.9%) than in LN (3.1%) and vasculitis (1.5%). Use of peritoneal dialysis as an initial ESRD therapy was also higher in IgAN (16.8%) than in LN (10.8%) and vasculitis (6.5%).
On follow-up, 84,301 patients with ESRD attributed to GN contributed 431,657 person years of observation, during which time 33,774 deaths were observed (crude mortality rate, 7.8/100 person years). Unadjusted 5-year survival ranged from 45.5% (95% CI, 44.2% to 46.7%) in vasculitis to 81.5% (95% CI, 80.7% to 82.2%) in IgAN, as illustrated in Kaplan-Meier survival plots (Figure 2 (14) . We observed some differences across GN subtypes with respect to primary cause of death (Figure 4 , Supplemental Table 2 ). Cardiovascular disease accounted for the highest proportion of deaths within all GN subtypes, ranging from 34.2% in vasculitis to 44.6% in FSGS. The highest proportion of infection-related deaths was observed in LN (14.0%), comparing with rates of #10.6% among primary GN subtypes. Malignancy-related deaths were comparatively rare, ranging from 2.3% in LN to 6.5% in MN.
Sensitivity Analyses: Imputed versus Complete Data Analyses
Because of computational limitations, we were unable to generate 32 imputed datasets to reflect our 32% missing data frequency, as previously suggested (8) . Instead, we generated results using eight and 15 imputed datasets. As summarized in Supplemental Figure 1 and Supplemental Table 1 , complete case analyses tended to yield somewhat larger associations compared with multiply imputed analyses. Results did not materially change when increasing from eight to 15 imputed datasets, suggesting that additional efficiency was unlikely to be gained by extending imputation beyond 15 datasets.
Discussion
In this large, national, study of patients with ESRD attributed to GN who initiated dialysis or received a preemptive kidney transplant between 1996 and 2011, we identified considerable sociodemographic and clinical differences across six important GN subtypes. We also observed marked survival discrepancies that persisted even after adjustment for sociodemographic and clinical factors. Some GN subtypes (e.g., IgAN) conferred a particularly favorable prognosis, superior to that in ADPKD, whereas others (e.g., LN) displayed shortened survival, similar to in patients with ESRD caused by DN. The most obvious conclusion to draw from these findings is that combining GN subtypes into a single disease category, as is current practice in research and public health reporting, is of questionable utility; this approach fails to recognize the heterogeneity and complexity pervading this patient group.
Our study is not the first to report differential survival outcomes across GN subtypes. A single-center, retrospective study of 580 Taiwanese patients with biopsy-proven GN, not yet requiring dialysis (mean eGFR, 70.4633.8 ml/min per 1.73 m 2 ), reported a lower baseline comorbidity and cytotoxic treatment burden in patients with IgAN than with MN or FSGS (6) . Unadjusted mortality, after a median follow-up of 5.9 years, was significantly lower in IgAN (4.6%) compared with MN (17.2%) and FSGS (14.4%); however, adjustment for between-group demographic and clinical differences was not performed, and outcomes after ESRD development were not examined. A second study of 1943 Korean patients with primary GN again demonstrated a survival advantage in IgAN compared with MN, FSGS, and MPGN (7). In the subset of patients who developed ESRD (n=257), 10-year survival risks of 85%, 80% (approximately), 61%, and 26%, respectively, were reported. Mortality comparisons accounting for case-mix differences were, again, not performed. With the exception of this subgroup analysis, most other studies examining mortality outcomes after ERSD development in GN were restricted to single GN subtypes (3, (15) (16) (17) or combined subtypes into a single GN category (18, 19) , precluding direct comparisons across GN subtypes.
This study translates these previous findings, derived from non-ESRD, non-United States patient populations to a nationally representative cohort of United States patients with treated ESRD. It expands on prior studies by comparing outcomes not only across primary GN subtypes but also across secondary GN subtypes and non-GN related causes of ESRD. Importantly, this study also addresses the question of whether GN subtype is independently associated with post-ESRD survival or whether mortality differences are explained by differences in case mix alone. We confirm that post-ESRD survival in IgAN not only exceeds survival in other primary GN subtypes but also exceeds survival in secondary GN subtypes and ADPKD. This latter finding conflicts with prior reports suggesting inferior survival in GN compared with ADPKD. For example, a study of 44,240 Brazilian patients with treated ESRD reported a demographic-adjusted relative risk for mortality, with reference to hypertension-associated ESRD, of 0.93 (95% CI, 0.89 to 0.98) in GN compared with 0.69 (95% CI, 0.61 to 0.78) in ADPKD (18) . Within the United States, 1-year mortality is reportedly 2-fold higher in primary GN than in cystic renal disease (10% versus 5%, respectively) (1). Our data explain these findings by demonstrating a spectrum of risk within GN: patients with IgAN have a survival advantage over patients with ADPKD that is counterbalanced by a survival disadvantage in other GN subtypes. This finding escapes detection when individual GN subtypes are combined together in ESRD outcomes research.
The substantially higher mortality observed in patients with LN in this study warrants further mention. High rates of infection (20) (21) (22) , cardiovascular disease (23) , and hospitalization (21, 23) were previously described in patients with ESRD caused by LN; however, direct comparisons with other GN subtypes are largely lacking, and studies investigating mortality report conflicting findings (21,23-27). We determined that unadjusted crude mortality in LN exceeded mortality identified in many other GN subtypes, despite this being the youngest patient group with the highest proportion of patients who were black and patients who were women, factors which should have portended a favorable prognosis (28) . Indeed, adjustment for sociodemographic factors uniquely increased the relative risk for mortality in LN with respect to IgAN, in contrast with the risk attenuation that was observed in all other GN subtypes (Figure 3) . Further adjustment for differences in clinical characteristics, including access to kidney transplantation, reduced the HR for mortality in LN somewhat, but it remained almost 2-fold higher than in the referent group, IgAN.
Our study has several limitations. First, we cannot confirm the validity of GN subtype designations obtained from the USRDS. A previous study measured agreement between biopsy-based diagnoses and USRDS-derived diagnoses among 227 patients with biopsy-proven GN (29) . Poor overall agreement was largely explained by missing (57%) and GN not histologically examined (9%) diagnoses submitted to the USRDS; positive predictive values exceeded 90% once a specific GN subtype was selected. Agreement also improved after 1995, following revisions to the Medical Evidence Report diagnostic coding system in that year. Nevertheless, we could not always distinguish primary from secondary forms of GN (e.g., primary from secondary MN), and our study findings are not necessarily applicable to nonbiopsied or misclassified patients with GN (i.e., false negatives) who may differ fundamentally from correctly classified patients. Second, as a retrospective observational study, associations between GN subtype and mortality cannot be assumed to represent causation. We could not distinguish the influence of GN-related factors (e.g., nephrotic syndrome, systemic inflammation, immunosuppressive therapy) from unmeasured or residual non-GN related factors. Some misclassification of comorbidities is likely (e.g., DN was reported in only 88% of patients with ESRD caused by DN), and detailed socioeconomic data were not available; however, we propose that misclassification of these confounding variables is likely to be nondifferential and to bias findings toward the null. At the same time, adjustment for laboratory variables and initial ESRD treatment modality may overadjust for disease mediators, particularly in those GN subtypes that typically display a more rapid and unpredictable course to ESRD (e.g., LN, vasculitis). Albumin was lowest in the GN subtypes most typically associated with nephrotic syndrome (MN and MPGN) and systemic inflammation (LN and vasculitis), whereas hemoglobin was lowest in those GN subtypes most likely to be treated with immunosuppressive therapy (LN and vasculitis), suggesting direct disease-and treatment-mediated effects. Finally, our findings apply to patients with progressive GN who survive to ESRD and should not be generalized to patients with mild, treated, or remitted GN without ESRD or to patients who die before developing ESRD.
Despite these limitations, our study has a number of strengths. We report findings derived from populationbased data that are broadly applicable to all patients with ESRD attributed to GN receiving dialysis or with a functioning kidney transplant in the United States. Study investigators did not collect primary data or adjudicate outcomes, virtually eliminating investigator bias. We used sophisticated statistical techniques to overcome shortfalls inherent to observational study design, including multiple imputation methods to handle missing data and use of sequentially adjusted models to minimize confounding.
In summary, we have identified in a large, nationally representative, ESRD cohort that patients classified into individual histologic GN subtypes differ considerably from one another with respect to sociodemographic, clinical, laboratory, and ESRD therapy modality characteristics. We furthermore determined that GN subtype independently associates with survival after initiation of ESRD treatment, even after accounting for differences in case mix. We propose that GN subtype be addressed in all future studies of patients with ESRD caused by GN, to elucidate explana
